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We have measured the effects of high (0 - 4.5T) magnetic fields on the operating conditions of
805 MHz accelerating cavities, and discovered that the maximum accelerating gradient drops as
a function of the axial magnetic field. While the maximum gradient of any cavity is governed by
a number of factors including conditioning, surface topology and materials, we argue that J × B
forces within the emitters are the mechanism for enhanced breakdown in magnetic fields. The
pattern of emitters changes over time and we show an example of a bright emitter which disappears
during a breakdown event. We also present unique measurements of the distribution of enhancement
factors, β, of secondary emitters produced in breakdown events during conditioning. We believe
these secondary emitters can also be breakdown triggers, and the secondary emitter spectrum helps
to determine the maximum operating field.

INTRODUCTION

Cooling beams of muons in flight requires absorbers
to reduce the muon momentum, accelerating fields to re-
place the lost momentum, and static solenoidal magnetic
fields to focus the muon beams [1][2]. The process is most
efficient if both the magnetic fields and accelerating fields
are high. In order to study the interactions of a static
magnetic field with the operation of high gradient accel-
erating fields we have conducted tests to determine the
operating envelope of accelerating cavities in high mag-
netic fields. These studies have already produced useful
information on dark currents, the environment of field
emitters in cavities, conditioning and breakdown mech-
anisms [3]. This paper discusses measurements made to
determine the highest operating field compatible with a
given magnetic field and understand the mechanisms lim-
iting this operation.

MEASUREMENTS

Two 805 MHz cavities were used, one was a six-cell
standing wave structure 1 m long, and the other was a
simple pillbox, 8.64 cm long, which had replaceable end
windows to terminate the electric field. These cavities
were operated on the axis of a solenoidal field created by
superconducting Helmholtz coils mounted in a structure
with a warm bore of 0.44 m. The geometry was described
in Ref [3]. Both cavities were operated at maximum sur-
face fields from 40 to 60 MV/m.

While the majority of the operation was done either
with no field or B < 2.5 T, the coil system was oper-
ated at up to 4.5 T with the fields adding, producing a
solenoidal field, and with the coils bucking each other,
which produced a gradient of up to 20 T/m at the center
of the magnet. Because of the size of the six-cell cavity,
only one end of this cavity was exposed to the maxi-
mum field. The majority of the results from operation
of the six-cell cavity, describing changes in the radiation
environment, field emitted dark current orbits and cav-
ity damage have been published [3]. The geometry of
the six-cell cavity was complex, with oblate spheroidal
cells separated by blunt irises where the magnetic field
and electric fields were, in general, not parallel. With
this cavity, we noticed that magnetic fields of 1-3 T es-
sentially required almost complete reconditioning of the
cavity, whenever the static magnetic field was turned on
or off.

The pillbox cavity, shown in Figure 1, was different in a
number of ways. Because of the flat walls, the electric and
magnetic fields were roughly parallel throughout the cav-
ity. Removable windows permitted study of the break-
down damage with a variety of materials. Thin (0.254
mm) Be windows used for most of the operation permit-
ted study of field emitted electron beams, which in turn
produced information on the structure of the surface. We
could watch the spatial distribution of secondary field
emission sources change over a period of weeks. The
conditioning process to reach full field (arbitrarily lim-
ited at 40 MV/m) took on the order of a week after pass-
ing through low power multipacting zones. Some results
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FIG. 1: The pillbox cavity showing 0.254 mm Be rf windows
and 0.2 mm Ti vacuum window.

from measurements using this cavity were presented at
PAC03 [4][5].

Data taken over a period of 6 months with different
magnetic configurations are shown in Figure 2 [6]. We
plot here the maximum electric field as a function of the
static solenoidal field achieved for two coils in parallel,
two coils bucking and one coil. Since we have already
shown that solenoidal fields affect conditioning time, an
attempt was made to condition as long as possible at the
highest fields, however this was difficult due to the cost
of operating the superconducting magnet. Conditioning
with magnetic fields seemed to be somewhat less stable
than without the fields, as breakdown events required a
somewhat longer recovery time. Thus the cavity may not
be adequately conditioned at the highest magnetic fields.
The general trend of the data, consistent with all mea-
surements made, is that the accelerating field is degraded
by the presence of the magnetic field. The maximum ac-
celerating field is limited by the conditioning process and
by the mechanism of breakdown in magnetic fields, which
we will describe below.

Breakdown with Electric and Magnetic Fields

With no magnetic field, we have shown that break-
down can occur when local tensile stresses exerted by
electric fields are greater than the tensile strength of the
material [3][7]. We believe magnetic fields can facilitate
breakdown by exerting additional forces in the form of
torques on field emitters. Assuming that emitters are
basically conical, and aligned roughly parallel to a mag-
netic field, the current density at the surface of an emitter
is j = J/A, where J is the maximum measured current
per emitter, on the order of 0.1 mA for the six cell cav-
ity, and A, the local emitter area of the order 10−14 m2,
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FIG. 2: Breakdown threshold as a function of static magnetic
field at the cavity surfaces for different magnetic configura-
tions.

giving current densities of 1010 A/m2 [3][7]. The radial
component of this current density, perpendicular to the
magnetic field, is determined by the cone angle of the
emitter, θ, so the perpendicular pressure exerted by the
magnetic field is then sin(θ)JB/A, since the stress is due
to j×B forces, as in Figure 3. With a 2 T magnetic field
and 0.1 mA emitter this pressure can be on the order of
10,000 MPa, more than enough to trigger fracture. The
forces will be directed in a circular pattern around the
emitter tip, with a smooth gradient in sheer.

If breakdown occurs as a result of a limiting pressure
on a given emitter, one can derive a relation between
the maximum electric field and the static magnetic field
from the expression jB = const. As we have shown in
Ref [3], the relation between current and field is approx-
imately j ∝ E10 in the range where breakdown occurs,
this implies a dependence of Emax ∝ B−1/10 for emitters
near this limit, where Emax is the breakdown limited
maximum field. Data from the pillbox cavity seems to
be constrained by this relation at low field, but departs
somewhat from the prediction at high fields, where less
time was spent conditioning and the maximum field was
not reached.

If this model is correct, it may be straightforward to
modify this mechanism. Since the mechanism that cou-
ples the magnetic field to breakdown of the cavity seems
to be J ×B forces driven by field emission of electrons,
thin coatings of high work function materials which pro-
duce less field emission would reduce the field emission
and the local pressure on the emitter tips. Control of
field emission with thin layers of a material with differ-
ent work function has been demonstrated with tungsten
emitters over fifty years ago [8]. While it is, in principle,
possible to reduce field emission by making the interior
of cavities arbitrarily smooth, the conditioning process
can roughen the surface, and we would prefer to develop
a method that can cope with problems in operating cav-
ities.
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FIG. 3: Forces due to field emission currents are present in
the field emitters.

Field Emitters and Breakdown Triggers

In a magnetic field, dark currents will follow field lines.
With strong solenoidal magnetic fields it is possible to
identify individual emitters in the cavity and to moni-
tor changes in the pattern of field emitters with time,
using Polaroid [9] 4 x 5 sheet film and larger sheets of
photographic paper [10] to record the dark currents at
the surface of the vacuum window. The dark currents
are scattered by both the Be rf windows and the vacuum
windows increasing the beam diameter. Since the cavity
was first conditioned without magnetic field, the pattern
of emitters was well developed when the first Polaroid
pictures were made with low field. We could observe
changes in this pattern over times on the order of weeks,
when emitters would appear or disappear.

We were able to capture one breakdown event on film.
The pictures, shown in Figure 4, were made at low B
field, i.e. low resolution. The first picture shows the ini-
tial distribution, before the spark, with one of the emit-
ters brighter than the rest. The middle picture shows
the brightest emitter becoming more active, which we
assume is associated with a breakdown event that took
place during this exposure. The final picture shows the
pattern of emitters after the breakdown event. At this
time the brightest emitter is gone, we assume it was the
trigger of the breakdown event. (The first exposure was
slightly damaged during development.)

The Polaroid exposures were about one minute long
and the series was taken in about 10 minutes, which de-
termines the time resolution of this technique. We be-
lieve that this series of pictures demonstrates how active
emitters, experiencing high fields, can be the source of
breakdown triggers. We are developing methods of view-
ing this pattern with better spatial and time resolution.
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FIG. 4: Polaroid pictures, taken over a 10 minute period,
of an emitter pattern before, during and after a breakdown
event.

.

The Spectrum of Field Emitters

We have previously described a model of cavity con-
ditioning [3]. When a new cavity is produced, we as-
sume the surface has a distribution of asperities with a
wide range of enhancement factors. As the power level
is slowly raised, the hotter emitters are burned off and
the average field that can be maintained in the cavity
is increased. As each emitter is burned away, however,
it produces a distribution of secondary emitters on the
surface which may also require conditioning. Ultimately
the maximum operating field that can be generated by
a cavity is the equilibrium field where the production of
secondary emitters maintains itself.

Operation in the magnetic field allowed us to measure
the distribution of secondary emission sources produced
in breakdown events. These measurements were obtained
by comparing the density of field emitted electron beams
produced from the Be windows in Polaroid photographs
taken at different accelerating fields. The relative emit-
ter strength was measured over many orders of magni-
tude in emitted current by digitizing the photographs, as
in Figure 5. After the Be windows were removed from
the cavity, they were examined with an electron micro-
scope and the beryllium surface, which was undamaged,
was found to be covered with copper splashes, which we
believe to be the result of breakdown events from the
nearby copper. These splashes are presumed to be the
source of the field emitted beams. The spectrum of emit-
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FIG. 5: Digitized images of the field emitted currents at dif-
ferent gradients. The digitized area is 7 by 7 cm.

FIG. 6: The spectrum of secondary emitters produced in
breakdown events in this cavity.

ters produced from the Be windows, shown in Figure 6,
is then the spectrum of secondary sources. The points
with high enhancement factors were identified from pho-
tographs of beams, and the points at low enhancement
factors were identified using densities and dimensions of
deposited copper splashes obtained from electron micro-
scope images. This data is consistent with a variety of
models, the line shows a distribution that is proportional
to e−0.032β , and we would expect this spectrum to be
strongly dependent on the cavity stored energy.

This distribution shows that there are many more weak
emitters per unit enhancement than large ones, consis-
tent with visual and SEM inspection of the Be windows,
which showed many copper splashes and fragments, only
a small fraction of which seemed to be field emission
sources.

SUMMARY

Measurements of the maximum accelerating field pos-
sible in the presence of a static magnetic field show that
the magnetic field can limit the operating range of the
cavity. We argue that the mechanism responsible is j×B
forces within the emitters. This simple model can explain
the general behavior of the decline in electric field with
magnetic field. We have also used the magnetic field to
show how the conditioning process produces secondary
field emission (and likely breakdown) sources and pre-
sented a preliminary measurement of their spectrum.
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